Substantia nigra pars reticulata (SNr) GABAergic neurons are key output neurons of the basal ganglia. Given the role of these neurons in motor control, it is important to understand factors that regulate their firing rate and pattern. One potential regulator is hydrogen peroxide (H 2 O 2 ), a reactive oxygen species that is increasingly recognized as a neuromodulator. We used whole-cell current clamp recordings of SNr GABAergic neurons in guinea-pig midbrain slices to determine how H 2 O 2 affects the activity of these neurons and to explore the classes of ion channels underlying those effects. Elevation of H 2 O 2 levels caused an increase in the spontaneous firing rate of SNr GABAergic neurons, whether by application of exogenous H 2 O 2 or amplification of endogenous H 2 O 2 through inhibition of glutathione peroxidase with mercaptosuccinate. This effect was reversed by flufenamic acid (FFA), implicating transient receptor potential (TRP) channels. Conversely, depletion of endogenous H 2 O 2 by catalase, a peroxidase enzyme, decreased spontaneous firing rate and firing precision of SNr neurons, demonstrating tonic control of firing rate by H 2 O 2 . Elevation of H 2 O 2 in the presence of FFA revealed an inhibition of tonic firing that was prevented by blockade of ATP-sensitive K + (K ATP ) channels with glibenclamide. In contrast to guinea-pig SNr neurons, the dominant effect of H 2 O 2 elevation in mouse SNr GABAergic neurons was hyperpolarization, indicating a species difference in H 2 O 2 -dependent regulation. Thus, H 2 O 2 is an endogenous modulator of SNr GABAergic neurons, acting primarily through presumed TRP channels in guinea-pig SNr, with additional modulation via K ATP channels to regulate SNr output.
. Tonic firing can be modulated, however, by synaptic input as well as by activation of membrane conductances that cause changes in firing rate and pattern (Rick and Lacey, 1994; Stanford and Lacey, 1996; Shen and Johnson, 2006; Zhou et al., 2006 Zhou et al., , 2008 Ibáñez-Sandoval et al., 2007) . Among the important membrane conductances in SNr GABAergic neurons are those mediated by transient receptor potential (TRP) channels (Lee and Tepper, 2007b; Zhou et al., 2008) . A number of TRP channel subfamilies are expressed in the CNS (Clapham et al., 2003 (Clapham et al., , 2005 , and the canonical TRP type-3 (TRPC3) channel has been identified as a regulator of SNr GABAergic neuron excitability in neonatal mice (Zhou et al., 2008) . Activation of TRPC3 channels in SNr neurons increases the firing rate of these cells and contributes to the tonic depolarization that maintains their spontaneous firing (Zhou et al., 2008 (Zhou et al., , 2009 ). In addition, TRP channel activation may underlie a depolarizing plateau potential observed in these neurons (Lee and Tepper, 2007b) . A potential opponent of TRP channel activity is ATP-sensitive K + (K ATP ) channels, which can cause membrane hyperpolarization and suppress firing in SNr GABAergic neurons (Schwanstecher and Panten, 1993; Stanford and Lacey, 1996; DunnMeynell et al., 1998) .
IntroductIon
The GABAergic neurons of the substantia nigra pars reticulata (SNr) comprise one of the major output nuclei of the basal ganglia, and convey information from the basal ganglia network through projections that target the thalamus and superior colliculus, as well as other nuclei including the pedunculopontine nucleus and the mesencephalic locomotor region (Beckstead and Frankfurter, 1982; Deniau and Chevalier, 1992; Redgrave et al., 1992; Mana and Chevalier, 2001; Takakusaki et al., 2003; Cebrián et al., 2005; Lee and Tepper, 2007a; Nambu, 2007) . Identifying intrinsic membrane conductances and extrinsic factors that influence the excitability of these neurons is therefore important for understanding regulation of movement by the basal ganglia.
Substantia nigra pars reticulata GABAergic neurons are spontaneously active in vivo and in vitro (Wilson et al., 1977; Deniau et al., 1978; Guyenet and Aghajanian, 1978; Nakanishi et al., 1987; Lacey et al., 1989; Yung et al., 1991; Stanford and Lacey, 1996; Richards et al., 1997; Atherton and Bevan, 2005; Lee and Tepper, 2007b; Zhou et al., 2008) . A variety of conductances contribute to this tonic firing, and spontaneous activity persists in the absence of synaptic input indicating that it is intrinsically generated (Atherton and The emerging neuromodulator hydrogen peroxide (H 2 O 2 ) can activate both some TRP channels and K ATP channels (Ichinari et al., 1996; Herson and Ashford, 1997; Tokube et al., 1998; Hara et al., 2002; Avshalumov et al., 2005; Bao et al., 2005; Freestone et al., 2009 ). Through these effects, H 2 O 2 has been shown to be an important neuromodulator in basal ganglia neurons, including striatal medium spiny neurons (MSNs), which are depolarized by H 2 O 2 through a TRP channel-dependent mechanism (Bao et al., 2005) , and dopaminergic (DAergic) neurons of the substantia nigra pars compacta (SNc), which are hyperpolarized by activation of K ATP channels . Whether H 2 O 2 has a neuromodulatory action on SNr GABAergic neurons is unknown. Here, we investigated regulation of SNr GABAergic neuron activity by H 2 O 2 using whole-cell current clamp recordings of visualized SNr GABAergic neurons in guinea-pig and mouse midbrain slices. In marked contrast to the inhibitory effect of H 2 O 2 on SNc DAergic neurons, we found that SNr GABAergic neurons in guinea pig are excited by H 2 O 2 . Pharmacological methods implicated TRP channels as probable targets of H 2 O 2 signaling in these neurons. However, SNr GABAergic neurons recorded from mouse are inhibited by H 2 O 2 . These results reveal a new mechanism regulating basal ganglia output via H 2 O 2 -dependent modulation of SNr neuron firing.
MaterIals and Methods slIce preparatIon
Whole-cell recordings were obtained in midbrain slices containing the substantia nigra (SN) from adult male guinea pigs (Hartley, 150-250 g) or mice (C57BL/6, 120 days). All procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and with the approval of the New York University School of Medicine Institutional Animal Care and Use Committee. Procedures for preparation of midbrain slices were similar to those described previously Lee and Tepper, 2007a,b) . Briefly, animals were deeply anesthetized with 50 mg/kg pentobarbital administered i.p., then transcardially perfused with ice-cold solution containing (in mM): 225 sucrose; 2.5 KCl; 0.5 CaCl 2 ; 7 MgCl 2 ; 28 NaHCO 3 ; 1.25 NaH 2 PO 4 ; 7 glucose; 1 ascorbate; and 3 pyruvate, equilibrated with 95% O 2 /5% CO 2 . The brain was quickly removed, trimmed to a block containing the midbrain, and sectioned at 300 μm in the same medium using a Leica VT1200S vibrating blade microtome (Leica Microsystems, Bannockburn, IL, USA). Slices were immediately transferred to warmed (34°C) recovery medium containing (in mM): 125 NaCl; 2.5 KCl; 1.25 NaH 2 PO 4 ; 25 NaHCO 3 ; 1 MgCl 2 ; 2 CaCl 2 ; 25 glucose; 1 ascorbate; 3 pyruvate; and 0.4 myo-inositol, equilibrated with 95% O 2 /5% CO 2 , which gradually cooled to room temperature over the next hour; slices were maintained in this medium until use. Physiological recording was conducted in a submersion recording chamber, with slices continuously superfused at 1.4 mL/min with artificial cerebrospinal fluid (aCSF) at 32°C containing (in mM): 124 NaCl; 3.7 KCl; 26 NaHCO 3 ; 2.4 CaCl 2 ; 1.3 MgSO 4 ; 1.3 KH 2 PO 4 ; and 10 glucose, equilibrated with 95% O 2 /5% CO 2 .
VIsualIzed whole-cell recordIng
Neurons were visualized at 40× using a water-immersion objective on an Olympus BX51WI microscope equipped with infrared differential interference contrast (IR-DIC) optics (Olympus America, Center Valley, PA, USA). Pipettes were constructed from 1.5 mm o.d. borosilicate capillary tubing (World Precision Instruments, Sarasota, FL, USA) using a Sutter P-97 Flaming/Brown micropipette puller (Sutter Instrument Company, Novato, CA, USA) and filled with a solution containing (in mM): 129 potassium gluconate, 11 KCl, 10 HEPES, 2 MgCl 2 , 10 EGTA, 3 Na 2 -ATP, and 0.3 Na 3 -GTP, which was titrated to a pH of 7.3 with KOH. In some experiments, the pipette backfill also included an H 2 O 2 -sensitive fluorescent probe as described below. Pipettes had resistances of 3-6 MΩ. Recordings were obtained using an Axopatch 200B amplifier, low pass filtered at 2 kHz, and digitized by a Digidata 1322A connected to a personal computer running Clampex 9 (Molecular Devices, Sunnyvale, CA, USA). In the present experiments, we used visualized whole-cell current clamp recordings to allow for control of the intracellular and extracellular environments in neurons while monitoring how H 2 O 2 affects the spontaneous activity of these cells. Previous studies found no differences in the firing rate and regularity of firing between whole-cell and perforated-patch recordings in SNr GABAergic neurons (Atherton and Bevan, 2005) .
The SN contains both DAergic and GABAergic neurons which can be distinguished by their electrophysiological characteristics. When compared to DAergic neurons, nigral GABAergic neurons recorded in guinea-pig slices in vitro have a higher spontaneous firing rate, narrower action potential, shorter duration after hyperpolarization (AHP), and a less pronounced sag in response to hyperpolarizing current pulses (Hainsworth et al., 1991; Yung et al., 1991; Hajós and Greenfield, 1994) , characteristics that are indistinguishable from those observed in rat SNr GABAergic neurons (Matsuda et al., 1987; Nakanishi et al., 1987; Grace and Onn, 1989; Lacey et al., 1989; Richards et al., 1997; Gulácsi et al., 2003; Lee and Tepper, 2007a,b) . Data presented are from neurons determined to be GABAergic based on these characteristics.
Fluorescent IMagIng oF h 2 o 2
Fluorescent imaging of H 2 O 2 was carried out using methods similar to those described previously (Avshalumov et al., , 2007 (Avshalumov et al., , 2008 Bao et al., 2005) . The H 2 O 2 -sensitive indicator 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H 2 DCF-DA, Invitrogen, Carlsbad, CA, USA) was loaded into individual neurons via the pipette backfill solution. For these experiments, stock solutions of CM-H 2 DCF-DA were made in ethanol with 10% v/v KOH (8 N); the final concentration of indicator in the pipette solution was 8 μM. Following electrophysiological identification of SNr GABAergic neurons, cells were held for 20 min before imaging to allow the indicator to infiltrate the recorded cell (Figure 1D ; p > 0.05). Additionally, when a hyperpolarizing current pulse was delivered to SNr neurons from rest, the voltage deflection observed (TTX) citrate and 2-aminoethoxydiphenyl borate (2-APB) were purchased from Tocris Bioscience (Ellisville, MO, USA). Catalase (bovine liver) was purchased from Calbiochem (San Diego, CA, USA). Solutions of H 2 O 2 , MCS, and catalase were made fresh daily. Solutions of FFA, 2-APB, and glibenclamide were prepared in DMSO (Sigma-Aldrich) before dilution in aCSF; final concentrations of DMSO did not exceed 0.05%, which was also present in control aCSF for studies with these agents. All other agents were added directly to aCSF; application of all agents to slices via the superfusing aCSF did not exceed 20 min.
data analysIs
Electrophysiological data were analyzed using Clampfit 9 (Molecular Devices). Spontaneous firing rates were determined from 60 s of spontaneous activity with zero holding current under control conditions and during the period of maximal effect following drug or enzyme application. Maximal effects were observed within 10 min of application. Neurons that did not exhibit a steady baseline firing rate under control conditions were excluded from analysis. Regularity of firing was assessed from the coefficient of variation (CV) which was calculated as the standard deviation of the interspike interval divided by the mean interspike interval (Atherton and Bevan, 2005) . Action potential parameters were measured from spike threshold, which was determined manually. Membrane potential between action potentials was measured from a region just after repolarization of the AHP and just prior to depolarization preceding the next action potential. Voltages were corrected for the liquid junction potential which was estimated to be 13 mV using JPCalc (Barry, 1994) .
Fluorescence imaging data were analyzed using ImageMaster 5.0 (Photon Technology International) to determine the fluorescence intensity (FI) for a region of interest in each frame drawn around the cell body. Background fluorescence was measured from an area within the same field of view but outside of the region of interest and subtracted from the region of interest. The resulting FI was normalized and data are presented as [(intensity − basal)/ (basal)] × 100%.
All data are presented as mean ± SEM. Statistical evaluation of the data was conducted using paired t-tests or repeated measures ANOVA followed by pairwise contrasts to assess significance between groups using SAS (SAS Institute, Cary, NC, USA). Differences were considered significant with p < 0.05.
results h 2 o 2 Increases the spontaneous FIrIng rate oF guInea-pIg snr gaBaergic neurons
To assess the sensitivity of SNr GABAergic neurons to H 2 O 2 , we first examined the effect of exogenous H 2 O 2 (1.5 mM, Chen et al., 2001; Avshalumov et al., 2005) . In contrast to the suppression of firing seen in a large proportion of SNc DAergic neurons , exogenous H 2 O 2 augmented the spontaneous firing rate of SNr GABAergic neurons from 15.9 ± 1.2 Hz in control conditions to 21.6 ± 1.5 Hz in H 2 O 2 (Figures 1A-C; n = 23; t = 6.53; p < 0.001). Firing rate increased in all SNr neurons tested, with an average increase of 39 ± 6%. The H 2 O 2 -induced increase reached a maximum after an average latency of 4.2 ± 0.5 min following H 2 O 2 entry into the recording chamber. Previous studies demonstrated an The increase was reversible upon washout of MCS with aCSF (control 12.3 ± 1.2 Hz; MCS 14.6 ± 1.6 Hz; washout 11.8 ± 1.3 Hz; n = 5; F (2, 8) = 9.16; p < 0.01; control vs. washout p > 0.05), again indicating that the effect of H 2 O 2 on cell firing is not a consequence of irreversible oxidative damage. The regularity of firing was unaffected by MCS, as reflected in the CV which was 0.146 ± 0.011 under control conditions and 0.147 ± 0.011 in MCS ( Figure 3D ; p > 0.05). Several small changes in action potential parameters were seen when endogenous H 2 O 2 levels were enhanced with MCS, including depolarization of action potential threshold from −48.5 ± 1.6 to −44.6 ± 1.7 mV in MCS (n = 21; t = 4.62; p < 0.001) and attenuation of spike amplitude from 75.1 ± 1.7 to 70.4 ± 1.6 mV (n = 21; t = −6.83; p < 0.001). Action potential AHP was attenuated from −27.8 ± 1.1 to −25.3 ± 1.1 mV in MCS (n = 21; t = 5.46; p < 0.001). Finally, the membrane potential measured between action potentials was depolarized in the presence of MCS from −58.8 ± 1.5 to −54.0 ± 1.5 mV (n = 21; t = 7.90; p < 0.001). To determine whether basal levels of endogenous H 2 O 2 generated in SNr GABAergic neurons during spontaneous activity also influence firing rate, we depleted endogenous H 2 O 2 using in the presence of H 2 O 2 was strongly attenuated relative to that elicited under control conditions ( Figure 1E ), indicating decreased input resistance, consistent with ion-channel opening in the presence of H 2 O 2 .
Elevation of H 2 O 2 also caused slight, but significant changes to several action potential parameters, including depolarization of action potential threshold from −48.0 ± 0.9 to −46.7 ± 0.9 mV in H 2 O 2 (n = 23; t = 3.08; p < 0.01) and attenuation of spike amplitude from 67.1 ± 1.8 to 61.7 ± 1.7 mV (n = 23; t = −4.32; p < 0.001). The amplitude of spike AHP was also attenuated from −28.2 ± 0.6 to −26.2 ± 0.8 mV in the presence of H 2 O 2 (n = 23; t = 4.55; p < 0.001). Lastly, membrane potential measured between action potentials was depolarized from −60.2 ± 0.9 to −58.2 ± 1.0 mV in the presence of H 2 O 2 (n = 23; t = 4.39; p < 0.001).
snr gaBaergic neurons are excIted By eleVated leVels oF endogenous h 2 o 2
The use of exogenous H 2 O 2 established that this potential modulator can affect the spontaneous firing rate of SNr GABAergic neurons. We next examined whether elevation of endogenously produced H 2 O 2 also alters the activity of these cells. For these experiments, basal levels of H 2 O 2 were enhanced by inhibiting glutathione (GSH) peroxidase, an H 2 O 2 metabolizing enzyme, with MCS (1 mM; Avshalumov et al., 2005) . The ability of MCS to enhance endogenous H 2 O 2 levels was verified by monitoring H 2 O 2 -sensitive DCF fluorescence. Application of MCS led to an increase in DCF FI in guinea-pig SNr GABAergic neurons that reached a plateau 8.3 ± 0.7 min after MCS entered the recording chamber, with an average increase to 166 ± 8% of basal FI (Figures 2A-C ; n = 12; t = 11.45; p < 0.001). It should be noted that oxidation of H 2 DCF to fluorescent DCF is irreversible, precluding washout measurements. The increase in DCF FI induced by MCS was strongly attenuated when applied simultaneously with the H 2 O 2 metabolizing enzyme, catalase (500 U/mL; ; n = 7; F (1, 17) = 27.01; p < 0.001 two-way repeated measures ANOVA), confirming that the DCF signal was largely H 2 O 2 dependent ( Figure 2C ).
We hypothesized that tonic H 2 O 2 generation in SNr GABAergic neurons was activity dependent, given the spontaneous activity of these cells in slice preparations (Richards et al., 1997; Gulácsi et al., 2003; Atherton and Bevan, 2005; Lee and Tepper, 2007a,b) . To test this, we examined the effect of MCS on DCF FI after blocking spontaneous activity with TTX (2 μM). Under these conditions, the increase in DCF FI measured at the time of maximal increase in DCF FI in MCS alone was significantly attenuated compared to that seen with normal activity (Figure 2C ; n = 5; F (1, 15) = 15.85; p < 0.01 two-way repeated measures ANOVA). The attenuated increase in DCF FI in TTX was still significant compared to basal DCF FI (t = 13.38; p < 0.001), likely reflecting the small amount of H 2 O 2 produced during basal metabolism. These data indicate that the MCS-induced increase in DCF FI in SNr GABAergic neurons largely reflects amplification of activity-dependent H 2 O 2 levels.
As with exogenous H 2 O 2 , elevation of endogenous H 2 O 2 by MCS caused a significant increase in the spontaneous firing rate of guinea-pig SNr GABAergic neurons from 13.6 ± 0.8 to 17.6 ± 1.2 Hz (Figures 3A-C ; n = 29; t = 6.00; p < 0.001), with an average increase of 30 ± 4%. Maximal effects were seen 7.8 ± 0.6 min after MCS application. This was slightly longer than that seen with exogenous H 2 O 2 , (Figures 5A-D ; n = 11; F (2, 20) = 30.85; p < 0.001; all pairwise contrasts p < 0.01). In fact, when TRP channels were blocked, firing rate during H 2 O 2 exposure fell below control to 7.3 ± 2.4 Hz ( Figure 5D ). The suppression of firing rate below control levels could reflect the blockade of a tonic depolarizing current mediated by TRP channels (Zhou et al., 2008) and/or the unmasking of an additional effect of H 2 O 2 on channels mediating a hyperpolarizing conductance. We explored these possibilities in separate experiments described in the following section. As with exogenous H 2 O 2 , MCS-enhanced endogenous H 2 O 2 levels caused an increase in firing rate from 14.0 ± 1.3 to 19.2 ± 2.3 Hz, which was reversed by FFA to 10.3 ± 2.5 Hz (Figures 5E-H ; n = 11; F (2, 20) = 18.35; p < 0.001; all pairwise contrasts p < 0.05). Again, in the presence of FFA, MCS caused a suppression of firing rate below control ( Figure 5H) . We then tested the efficacy of another TRP channel blocker, 2-APB (Xu et al., 2005; Clapham, 2007; Togashi et al., 2008 ; not illustrated). Results with 2-APB (100 μM) were similar with H 2 O 2 or MCS, so that data were pooled for analysis. As with FFA, 2-APB reversed the increase in firing rate seen with H 2 O 2 or MCS (control 14.1 ± 2.1 Hz; H 2 O 2 or MCS 17.9 ± 2.5 Hz; H 2 O 2 or catalase (500 U/mL; . Catalase caused a ∼40% decrease in the spontaneous firing rate of SNr GABAergic neurons from 16.6 ± 1.8 to 10.1 ± 1.1 Hz (Figures 4A-C ; n = 11; t = −6.33; p < 0.001). Additionally, the precision of action potential discharge was decreased, as indicated by an increase in the CV from 0.113 ± 0.011 under control conditions to 0.194 ± 0.024 after catalase ( Figure 4D ; n = 11; t = 4.06; p < 0.01). These data show that basal H 2 O 2 levels modulate the rate and regularity of spontaneous activity in SNr GABAergic neurons. Having shown that H 2 O 2 elevation increases the firing rate of SNr GABAergic neurons and that H 2 O 2 depletion decreases it, we next sought to determine whether putative TRP channels had a role in these effects. We first tested FFA (20-40 μM; Bao et al., 2005; Lee and Tepper, 2007b; Zhou et al., 2008) , which can block a number of TRP channel subtypes, including H 2 O 2 -activated TRPM2 channels (Hill et al., 2004; Clapham, 2007) . The concentrations of FFA found to be effective in the present experiments are lower than those associated with non-specific effects on ion channels other than TRP channels (Takahira et al., 2005; Wang et al., 2006; Gardam et al., 2008; Yau et al., 2010) . Consistent with a role for H 2 O 2 -sensitive TRP channels, FFA reversed the increase in firing As described in the previous section, blocking TRP channels with FFA in the presence of elevated H 2 O 2 not only reversed the excitatory effect seen, but led to a decrease in firing rate below control. Initially, we assumed that this decrease below control reflected blockade of TRP channel contributions to the tonic activity of SNr GABAergic neurons reported previously (Zhou et al., 2008 Previous experiments have shown that tonic activation of TRP channels maintains basal firing rate, as well as the regularity of firing, in SNr GABAergic neurons (Zhou et al., 2008) , with consequences of TRP channel blockade that appear much like the consequences of H 2 O 2 depletion by catalase reported here (Figure  4 ). To determine whether endogenous H 2 O 2 contributes to the tonic activation of putative TRP channels in SNr GABAergic neurons, we tested whether the decrease in firing rate caused by FFA (Zhou et al., 2008) would persist following catalase-induced H 2 O 2 depletion. Catalase alone caused a decrease in firing rate from 16.4 ± 2.0 to 10.0 ± 0.9 Hz (Figures 6A,B ; n = 4; F (2, 6) = 22.93; p < 0.01; control vs. catalase p < 0.05). However, when FFA (20 mM) was applied in the continued presence of catalase, the effect The finding that elevated H 2 O 2 caused a further decrease in firing rate when TRP channels were blocked led us to investigate whether this effect was due to unopposed activation of K ATP channels. To test this hypothesis we applied FFA followed by H 2 O 2 or MCS along with a K ATP -channel blocker, glibenclamide (3 μM). Glibenclamide was co-applied with H 2 O 2 or MCS to minimize total recording time. As before, FFA (20-40 μM) caused a decrease in firing rate from 14.9 ± 1.7 to 10.8 ± 1.7 Hz (p < 0.01). However, in contrast to the suppression of activity when H 2 O 2 alone was applied in the presence of FFA, co-application of H 2 O 2 plus glibenclamide in the continued presence of FFA produced a slight increase in firing rate to 13.4 ± 1.7 Hz (Figure 7E ; n = 8; F (2, 14) = 8.33; p < 0.01; FFA vs. FFA + glibenclamide + H 2 O 2 p < 0.05). Similarly, in experiments with MCS plus glibenclamide, FFA caused a decrease in firing rate from 16.4 ± 2.7 Hz under control conditions to 11.8 ± 2.2 Hz (p < 0.01), which did not change when MCS was applied with glibenclamide in the continued presence of FFA (12.3 ± 2.2 Hz; Figure 7J ; n = 7; F (2, 12) = 13.82; p < 0.001; FFA vs. FFA + glibenclamide + MCS p > 0.05). Thus, the suppression of SNr neuron firing caused by H 2 O 2 when TRP channels are blocked is mediated by K ATP -channel activation.
Next, we tested whether K ATP channel activation attenuated the increase in firing rate caused by H 2 O 2 when TRP channels were functioning. In these experiments, glibenclamide (3μM ) alone did not alter the firing rate of SNr GABAergic neurons (control 15.6 ± 0.8 Hz; glibenclamide 14.9 ± 0.9 Hz; n = 15; p > 0.05); in the presence of glibenclamide, exogenous H 2 O 2 caused an increase in firing rate of 52 ± 17% (n = 6) and MCS caused an increase of 46 ± 13% (n = 9). Although the increases in firing rate caused by H 2 O 2 or MCS in the presence of glibenclamide tended to be greater than those in the absence of K ATP channel blockade (see preceding sections), these increases were not significantly greater than with H 2 O 2 or MCS alone (p > 0.05 two-way repeated measures ANOVA in both cases). Therefore, it would appear that H 2 O 2 -induced activation of K ATP channels only modestly attenuates the excitation caused by TRP channel activation. Overall, these data indicate that the primary effect of H 2 O 2 elevation is to increase the activity of guinea-pig SNr GABAergic neurons by activating one or more FFA-sensitive channel. To provide mechanistic insight into the regulation of TRP channels by H 2 O 2 we investigated the effects of H 2 O 2 on SNr neurons in mouse midbrain slices where a specific subtype of TRP channel, namely TRPC3, is selectively expressed (Zhou et al., 2008 ). In contrast to our results in guinea-pig SNr, exogenous H 2 O 2 (150 μM to 1.5 mM) inhibited the firing of these neurons (Figures 8A,B) . Mouse SNr GABAergic neurons exhibited a spontaneous firing rate of 16.1 ± 2.1 Hz under control conditions which fell to 1.0 ± 0.7 Hz in the presence of exogenous H 2 O 2 ( Figure 8C ; n = 6; t = −6.23; p < 0.01). This inhibition of firing was surprisingly strong and resulted in 4/6 neurons falling silent. In a subset of neurons where washout was assessed, H 2 O 2 caused complete silencing of firing from an average control firing rate of 14.9 ± 2.4 Hz (n = 3; p < 0.05). The firing rate returned to 7.2 ± 1.2 Hz following washout Application of FFA (20 μM) caused a decrease in firing rate from 16.2 ± 1.1 to 10.8 ± 1.7 Hz (p < 0.05) and an increase in the CV from 0.092 ± 0.007 to 0.154 ± 0.022 (n = 5; t = 3.48; p < 0.05), consistent with tonic excitation and maintenance of firing regularity mediated by TRP channels (Zhou et al., 2008) . Addition of exogenous H 2 O 2 in the continued presence of FFA caused a further decrease in firing rate to 0.7 ± 0.7 Hz (Figures 7A-D ; n = 5; F (2, 8) = 82.49; p < 0.001; FFA vs. FFA + H 2 O 2 p < 0.01). In 4/5 neurons, H 2 O 2 caused a complete suppression of firing when applied in the presence of FFA. The same pattern was seen when endogenous H 2 O 2 levels were elevated while TRP channels were blocked. Again, FFA alone caused a decrease in firing rate from 15.5 ± 3.4 to 8.6 ± 1.9 Hz (p < 0.05). Addition of MCS caused a further decrease in firing rate to 2.3 ± 1.2 Hz (Figures 7F-I ; n = 7; F (2, 12) = 10.30; p < 0.01; FFA vs. FFA + MCS p < 0.05). neurons recorded in vitro from guinea-pig slices whereas depletion of H 2 O 2 decreased firing rate and regularity. We also found a minor inhibitory role for H 2 O 2 -sensitive K ATP channels that was magnified in the presence of TRP-channel blockers. Further, we found that the firing of SNr GABAergic neurons recorded in vitro from slices obtained from mouse was suppressed by H 2 O 2 , indicating that the mode of H 2 O 2 regulation of these neurons may be species specific. Overall, our results provide the first evidence in control aCSF, which was not significantly different from the control firing rate in this sample (F (2,4) = 17.43; p < 0.05; control vs. washout p > 0.05).
dIscussIon
Here we report regulation of SNr GABAergic neuron activity by the emerging neuromodulator H 2 O 2 . Elevation of endogenous H 2 O 2 increased the spontaneous firing rate of SNr GABAergic (Seutin et al., 1995) . Similarly, a predominantly inhibitory effect of H 2 O 2 has been reported for guinea-pig and rat SNc DAergic neurons and guinea-pig striatal DAergic axons that is mediated by K ATP channels Avshalumov et al., , 2005 Freestone et al., 2009) . However, there is also evidence for excitatory effects of H 2 O 2 in guinea-pig and rat GABAergic striatal MSNs, mediated by an FFA-sensitive channel (Smith et al., 2003; Bao et al., 2005) . Moreover, rat SNr GABAergic neurons have been shown to exhibit both inward and outward currents in response to rotenone, with the majority of neurons exhibiting a presumed TRP-channel mediated inward current (Freestone et al., 2009 ). The studies of neuronal TRP channel activation by H 2 O 2 noted above used exogenous peroxide or rotenone, a mitochondrial inhibitor, to elevate H 2 O 2 levels and activate a FFA-sensitive conductance (Smith et al., 2003; Bao et al., 2005; Freestone et al., 2009 ). We show here not only that milder H 2 O 2 elevation by GSH peroxidase inhibition activates TRP channels in SNr GABAergic neurons, but also that the activity of these cells is regulated by tonically produced H 2 O 2 . The predominantly excitatory effect of H 2 O 2 on guineapig SNr GABAergic neurons, despite the presence of functional H 2 O 2 -sensitive K ATP channels, may reflect the relative density of TRP channels to K ATP channels in these cells. Overall, these results suggest that differential responsiveness of basal ganglia neurons to H 2 O 2 may be based largely on the ratio of TRP to K ATP channels.
Evidence for presumed TRP channel involvement in H 2 O 2 -dependent regulation of SNr GABAergic neurons comes from several complementary results reported here. First, two distinct agents that block TRP channels, FFA and 2-APB, similarly reversed the increase in firing rate induced by H 2 O 2 . Second, although blocking tonically active TRP channels alone which decreases the firing rate of SNr GABAergic neurons (Zhou et al., 2008 ; results here) could contribute to these results, we also showed that when TRP channels were first blocked by FFA, resulting in a decrease in firing rate, application of H 2 O 2 with FFA causes a further suppression of firing rate. If H 2 O 2 and FFA were acting at separate conductances, it is unlikely that a suppression of firing rate would have been observed; rather an increase in firing rate would be expected. Third, application of FFA following a decrease in firing rate induced by catalase did not result in a further decrease in firing rate. If FFA were acting on a non-H 2 O 2 -sensitive channel, a further change in firing rate would have been expected. It should be noted that in all experiments, we limited off-target actions of FFA by using low concentrations: concentrations used were similar or lower than those used previously to examine the role of TRP channels in modulating SNr neuron firing (Zhou et al., 2008) , and lower than concentrations shown to cause non-specific effects (Takahira et al., 2005; Wang et al., 2006; Gardam et al., 2008; Yau et al., 2010) . Given this strong and consistent pharmacological evidence, we are pursuing additional approaches to identify the precise TRP-channel subtype(s) mediating H 2 O 2 -induced increases in firing rate in these neurons, with the caveat that we cannot rule out the possibility that H 2 O 2 is acting on another channel class with similar pharmacological properties.
Mechanisms of H 2 O 2 -dependent ion-channel activation are not completely understood. There is evidence for direct action at some TRP channels, namely TRPM2 (Wehage et al., 2002; Eisfeld and Lückhoff, 2007) , and K ATP channels (Ichinari et al., 1996 ; Tokube that H 2 O 2 fine-tunes the firing rate and regularity of basal ganglia output neurons through TRP channels, which appear to be the primary targets of H 2 O 2 -dependent modulation in guinea-pig SNr GABAergic neurons. h 2 o 2 sIgnalIng VIa Ion-channel actIVatIon A key source of cellular H 2 O 2 production is the mitochondrial electron transport chain, in which H 2 O 2 is formed from O 2 during the process of oxidative phosphorylation to produce ATP (Boveris and Chance, 1973; Peuchen et al., 1997; Liu et al., 2002) . Mitochondria are the primary source of H 2 O 2 for rapid neuronal signaling via ion-channel activation (Bao et al., 2009 ), although other sources of H 2 O 2 contribute to slower signaling processes, including downstream effects of growth factors (Rhee et al., 2005; Miller et al., 2007) . As shown here, the metabolic demand of neurons in the SNr during spontaneous activity governs H 2 O 2 generation, as seen in the marked attenuation of MCS-enhanced DCF FI in SNr GABAergic neurons when neuronal activity was silenced by TTX relative to that seen during spontaneous firing. These findings are consistent with the previously reported link between neuronal activity and mitochondrial metabolism (Kann et al., 2003) .
The present findings complement earlier studies of the effects of H 2 O 2 on neuronal excitability, in which both inhibitory and excitatory effects have been observed. For example, an H 2 O 2 -dependent hyperpolarization of CA1 pyramidal neurons has been reported that is mediated by an unidentified K + channel(s) In addition to these possible physiological functions of endogenous H 2 O 2 , aberrant H 2 O 2 signaling could contribute to the pathological changes in firing of SNr GABAergic neurons that is seen in Parkinson's disease (PD). In human PD and in PD animal models, increased SNr output causes abnormal inhibition of thalamocortical neurons (Albin et al., 1989; DeLong, 1990; MacLeod et al., 1990; DeLong, 1996, 2006; Murer et al., 1997; Bergman et al., 1998; Hurtado et al., 1999; Hutchison et al., 2004) . Linking these observations to the present findings, PD is associated with impaired activity of mitochondrial complex I and increased oxidative stress possibly including elevated H 2 O 2 production in the SN (Parker et al., 1989; Schapira et al., 1990; Greenamyre et al., 2001; Turnbull et al., 2001; Dauer and Przedborski, 2003; Dawson and Dawson, 2003; Lin and Beal, 2006) . Most studies of the contribution of H 2 O 2 and other reactive oxygen species to the pathogenesis of PD have focused on the contribution of these molecules to DAergic neurodegeneration through oxidative damage (Jenner and Olanow, 1998; Zhang et al., 2000) . The present findings suggest a more dynamic role for H 2 O 2 as a contributing factor to the pathological changes in the activity of SNr GABAergic output neurons in PD by increasing the excitability of these cells via TRPchannel activation.
conclusIon
Overall, the present results from SNr GABAergic neurons build on a growing body of evidence supporting a role for H 2 O 2 as a neuromodulator. The primary effect of H 2 O 2 on guinea-pig SNr GABAergic neurons is to maintain and regulate their firing rate through presumed TRP-channel activation. An inhibitory effect of H 2 O 2 resulting from K ATP -channel activation predominates when TRP-channel activity is blocked in guinea-pig SNr, or under control conditions in mouse SNr. However, K ATP -channel blockade alone has no effect on tonic firing rate in guinea-pig SNr GABAergic neurons, in contrast to the tonic, inhibitory effect of H 2 O 2 acting via K ATP channels in SNc DAergic neurons in the same species . Activation of inhibitory K ATP channels during H 2 O 2 elevation is also less effective in SNr GABAergic neurons than in striatal MSNs, in which the net depolarizing effect of elevated H 2 O 2 or other reactive oxygen species is attenuated significantly by concurrent activation of H 2 O 2 -sensitive K ATP channels (Calabresi et al., 1999; Bao et al., 2005) . Together with the present data, these findings indicate that H 2 O 2 is an important signaling molecule throughout the basal ganglia, with effects determined by the relative responsiveness of H 2 O 2 -sensitive excitatory TRP channels and inhibitory K ATP channels that defines the specificity of signaling by this diffusible messenger.
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The authors thank Dr. Jyoti C. Patel for helpful comments on this manuscript. This work was supported by National Institutes of Health, National Institute of Neurological Disorders and Stroke grants NS063656 (Christian R. Lee) and NS036362 (Margaret E. Rice), the Richard H. Chartrand Foundation (Paul Witkovsky), and the Edmond J. Safra Philanthropic Foundation (Margaret E. Rice). et al., 1998). However, recent studies argue against direct TRP channel activation by H 2 O 2 (Toth and Csanady, 2010) and suggest that activation may be mediated by H 2 O 2 -dependent elevation of an intracellular signaling molecule (Kolisek et al., 2005; Perraud et al., 2005; Lange et al., 2008; Hecquet and Malik, 2009) . Intracellular calcium can also be elevated by H 2 O 2 (Freestone et al., 2009 ). This could lead to activation of a calcium-activated conductance such as that mediated by the TRPC3 channel (Zitt et al., 1997) , which is reported to be the sole TRP channel in neonatal mouse SNr neurons (Zhou et al., 2008) . Our finding that young adult mouse SNr neurons are inhibited rather than excited by H 2 O 2 suggests that the nature of H 2 O 2 -dependent modulation of SNr neurons may be species-and/or developmentally determined, possibly reflecting different complements of H 2 O 2 -sensitive channels.
IMplIcatIons oF ModulatIon oF snr neuron actIVIty By endogenous h 2 o 2
Basal activity-dependent H 2 O 2 generation in SNr GABAergic neurons contributes to the maintenance of tonic firing rate in these cells, with a decrease in firing rate and regularity after H 2 O 2 depletion by catalase that is similar to the effect of blocking TRP channels reported previously (Zhou et al., 2008) . These results suggest that TRP-channels are tonically active, at least in part through a mechanism involving H 2 O 2 . However, these channels are not maximally active at rest as evidenced by the ability of H 2 O 2 , as reported here, as well as other neuromodulators, including dopamine, to increase the firing rate of these neurons via further TRP-channel activation (Zhou et al., 2009 ). The decrease in firing rate and increase in CV observed when TRP channels are blocked by FFA (Zhou et al., 2008 ; results here) or when tonic H 2 O 2 -dependent activation is lost in the presence of catalase reflects the removal of a tonic depolarizing influence on these neurons. Indeed, a slight hyperpolarization of these neurons by direct current injection causes a similar decrease in firing rate and decrease in regularity of firing (Zhou et al., 2006) . Further, the slight changes in spike parameters observed in the presence of H 2 O 2 or MCS are consistent with those observed in response to injection of a slight depolarizing current in SNr GABAergic neurons (Lee et al., unpublished observations) .
The ability of H 2 O 2 to modulate the firing rate of SNr neurons raises the possibility that H 2 O 2 might influence network interactions in the SNr. As a neutral, membrane-permeable molecule, H 2 O 2 is not confined to the cell in which it is produced, but rather leaves cells by diffusing through the lipid membrane or through membrane aquaporins (Bienert et al., 2007) . Thus, increased activity in one SNr neuron might lead to increased H 2 O 2 production and subsequent excitation of neighboring cells, resulting in feed-forward excitation. Such local effects could be even more far reaching through circuit interactions. For example, much of the inhibitory input to SNc DAergic neurons is from axon collaterals of SNr GABAergic neurons (Tepper and Lee, 2007; Lee and Tepper, 2009) . Previous studies have shown that H 2 O 2 elevation inhibits somatodendritic release of DA in the SNc (Chen et al., 2002) ; one contributing factor could be increased inhibitory input to those neurons from H 2 O 2 -enhanced excitation of SNr GABAergic neurons. 
